Neural stem/progenitor cells (NSPCs) capable of generating new neurons and glia reside in the adult mammalian spinal cord. Transplantation of NSPCs has therapeutic potential for spinal cord injury, although there is limited information on the ability of these cells to survive and differentiate in vivo. Neurospheres cultured from the periventricular region of the adult spinal cord contain NSPCs that are self-renewing and multipotent. We examined the survival, proliferation, migration, and differentiation of adult spinal cord NSPCs generated from green fluorescent protein (GFP) transgenic rats and transplanted into the intact spinal cord. The grafted GFP-expressing cells survived for at least 6 weeks in vivo and migrated from the injection site along the rostro-caudal axis of the spinal cord. Transplanted cells transiently proliferated following transplantation and approximately 17% of the GFP-positive cells were apoptotic at 1 day. Also, better survival was seen with NSPCs transplanted as neurospheres in comparison to NSPCs transplanted as dissociated cells. By 1 week posttransplantation, grafted cells primarily expressed an oligodendrocytic phenotype and only 2% differentiated into astrocytes. Approximately 75% versus 38% of the grafted cells differentiated into oligodendrocytes after transplantation into spinal white versus gray matter, respectively. This is the first report to examine the time course of cell survival, proliferation, apoptosis, and phenotypic differentiation of transplanted NSPSs in the spinal cord. This is also the first report to examine the differences between transplanted NSPCs grafted as neurospheres or dissociated cells, and to compare the differentiation potential after transplantation into spinal cord white versus gray matter. 735 736 MOTHE ET AL.
INTRODUCTION
renewing neurospheres were generated only when the cultured tissue included parts of the central canal (21, 24) . We and others have shown that ependymal cells The adult mammalian central nervous system contains endogenous stem/progenitor cells that are self-lining the central canal of the spinal cord of adult rodents proliferate in response to several types of trauma renewing and multipotent, capable of generating both neurons and glia. Stem/progenitor cells have been iden- (4, 14, 17, 25, 29, 30, 42, 44) or intrathecal administration of mitogenic growth factors (16, 19) . In lower vertebrates, tified in the adult rat and mouse spinal cord (14, 15, 17, 24, (28) (29) (30) 36, 46, 47) . In response to injury, these cells ependymal cells rapidly proliferate, migrate, and differentiate to regenerate the adult spinal cord (9,31,37). proliferate and gliogenesis has been mainly shown to occur in both rodents (14, 17, 29) and primates (48) .
After injury in adult mammals, ependymal cells migrate from the central canal and differentiate primarily to-Adult neural stem/progenitor cells (NSPCs) show extensive self-renewal and multipotentiality in vitro (35, wards an astrocytic phenotype (17, 29, 30) . Intrathecal administration of epidermal growth factor (EGF) and ba-46). When cultured in the presence of growth factors they form free-floating colonies of cells called neuro-sic fibroblast growth factor (FGF2) to enhance the proliferation and migration of these cells resulted in a small spheres, which are primarily comprised of progenitor cells and <1% stem cells (27) . Previous studies have but significant improvement in behavioral recovery after clip compression injury in the adult rat (20) . However, shown that neural stem cells reside close to the ependymal/periventricular region because multipotential self-the endogenous ependymal cell response appears to have only limited regenerative capacity for repair. To aug-proved protocols from the Animal Care Committee of the Research Institute of the University Health Network. ment the endogenous response, transplantation of adult spinal cord NSPCs may be a useful strategy to increase The Canadian Council on Animal Care conforms to the international guidelines on the ethical use of experimen-the regenerative potential, although there is limited information on the ability of these cells to survive and tal animals. differentiate in vivo.
Harvesting and Cell Culture In the present study, NSPCs derived from the periventricular region of the adult spinal cord were gener-NSPCs derived from the periventricular region of the GFP adult rat spinal cord were cultured and passaged as ated from green fluorescent protein (GFP)-expressing transgenic rats and transplanted into the intact spinal neurospheres, as described previously (21) . Briefly, under sterile conditions, the cervical spinal cord was ex-cord of adult rats in order to examine survival, proliferation, migration, and differentiation of these grafted cells.
cised and washed in Dulbecco's phosphate-buffered saline supplemented with 30% glucose (Sigma-Aldrich, We have previously shown that this transgenic rat strain, which constitutively expresses GFP as a marker for Oakville, Ontario). The overlying meninges, blood vessels, and white matter were removed so that only the identifying transplanted cells in situ, has several advantages, including specificity of the fluorescence signal periventricular region including the ependymal, subependymal, and some gray matter tissue surrounding the and stable expression of GFP in vitro and in vivo for long-term studies (28). In the present study, we exam-central canal were harvested. The dissected tissue was cut into 1-mm 3 pieces and then enzymatically dissoci-ined the behavior of these region-specific cells after transplantation into the intact spinal cord to assess the ated in a solution containing 0.01% papain and 0.01% DNase I for 1 h at 37°C, triturated, and the cells were influence of the native host environment. Other research groups have also transplanted adult spinal cord NSPCs resuspended in chemically defined serum-free media containing 20 ng/ml EGF and 20 ng/ml FGF2 (Sigma-into the intact or injured rodent spinal cord (13, 36, 43, 47) , and studies have shown the therapeutic potential of Aldrich). Neurospheres were passaged every 7 days. Cells were assessed for self-renewal and multipotential-transplanting adult neural precursor cells for spinal cord injury (2, 13, 18, 43) . Adult human organ transplant do-ity according to published protocols (41) . To assess multipotentiality, single neurospheres were plated on nors are a potential source of adult human spinal cord stem/progenitor cells. However, some fundamental ques-Matrigel TM (Growth Factor Reduced BD Matrigel Matrix and diluted by a factor of 25; BD Biosciences, Missis-tions remain. Currently, there is no information on the temporal course of survival, proliferation, apoptosis, and sauga, Ontario) coated multiwell culture plates in growth factor-free medium containing 1% fetal bovine differentiation of these cells following transplantation. Also, the transplantation of NSPCs grafted as neurosph-serum for 1 week and processed for immunocytochemistry as previously described (21) . Briefly, cultures were eres versus dissociated cells has not been investigated, nor differences between transplantation into gray versus fixed in 4% paraformaldehyde for 20 min at room temperature and washed three times with 0.1 M phosphate-white matter regions. We therefore examined the time course of cell survival, proliferation, apoptosis, and phe-buffered saline (PBS). The cultures were blocked with 10% normal goat serum with 0.3% Triton X-100 for 1 notypic differentiation of adult rat spinal cord NSPCs grafted as neurospheres or dissociated cells, and com-h at room temperature and then incubated with the primary antibody overnight at 4°C. The following primary pared the differentiation potential after transplantation into adult rat spinal cord white versus gray matter. antibodies were used: mouse anti-nestin (1:100; BD Biosciences) for neural stem/progenitor cells, mouse anti- (11) .
MATERIALS AND METHODS
were washed three times with 0.1 M PBS and then incubated with fluorescent Alexa 568 goat anti-mouse sec-Wild-type adult female Sprague-Dawley rats (6-8 weeks old; n = 62) Charles River, St. Constant, QC) ondary antibody (1:500; Invitrogen) for 1 h and washed three times with PBS. Hoechst (1 µl/4 ml; Sigma-Aldrich) were used as transplant recipients of the cultured donor cells. All animal procedures were performed in accor-was used to counterstain nuclei. Immunofluorescent cells were examined using a Nikon Eclipse TE 300 mi-dance with the Guide to the Care and Use of Experimental Animals (Canadian Council on Animal Care) and ap-croscope.
Transplantation described above over a 2-min interval. Cell viability in both tubes was assessed prior to transplantation and NSPCs were transplanted as neurospheres at passages again at the end of the transplant session with trypan 3 or 4 (4-6 days in vitro), and resuspended in the serumblue dye exclusion after dissociation. All rats were imfree growth factor culture media. The viability of cells munosuppressed daily as described above and sacrificed within a sphere in vitro was >95% as determined with at either 1 day (n = 4) or 2 weeks (n = 4) after transplanpropidium iodide staining. Adult female Sprague-Dawtation of either neurospheres or dissociated cells. ley rats were anesthetized by inhalation of 5% halothane, which was reduced to 2% during surgery, in com-Gray Versus White Matter Transplants bination with a mixture of nitrous oxide and oxygen (1:
In another set of experiments, neurospheres were 2, v/v). The spinal cord was exposed by laminectomy at transplanted either into the spinal cord gray matter (n = the T8/T9 vertebral level, and a small opening in the 6) or white matter (n = 6). For the transplants into the dura was made with a sterile 30-gauge needle at the ingray matter, neurospheres were injected 0.5 mm adjajection site to aid penetration of the needle into the spicent to the midline at two locations, 5 mm apart, at level nal cord. With the aid of an operating microscope, a T8/T9. For the transplants into the white matter, neu-Hamilton syringe with a customized needle (Hamilton rospheres were injected bilaterally 1 mm lateral to the 7803-04; 32 gauge with 20°bevel) was stereotactically midline. The customized needle was inserted into the inserted into the intact lateral column of white matter 1 spinal cord to a 1-1.5 mm depth, and then a 2.5-µl bolus mm from the midline using the dorsal midline vein as a of the neurosphere cell suspension containing a total of landmark, and at a depth of 1-1.5 mm. Using a motor-100,000 cells was microinjected as described above. All ized microinjector (Model 780310; Stoelting, IL), a 5rats were immunosuppressed daily and sacrificed at eiµl volume of neurospheres equivalent to approximately ther 1 week or 1 month after transplantation. 200,000 viable cells (determined from neurosphere dissociation and trypan blue dye exclusion) was delivered Histology and Immunohistochemistry at a rate of 2.5 µl/min. Also, the halothane concentration Rats were sacrificed by a lethal overdose of sodium was increased prior to microinjection in order to reduce pentobarbital, intraperitoneally, followed by transcardial the animal's respiratory movement to diminish any tisperfusion with 4% paraformaldehyde in 0.1 M PBS, pH sue disruption. This method of injection resulted in min-7.4. Tissue was cryoprotected in 30% sucrose and the imal tissue disruption at the injection site. The needle entire rostro-caudal segment of the spinal cord 1-1.5 cm was left in place for an additional 2 min to prevent backin length encompassing the transplant site was removed flow of cells. To aid transplant survival and integration, and embedded in Shandon Cryomatrix compound animals were immunosuppressed daily until sacrifice (VWR Laboratories, Mississauga, ON, Canada). This with 15 mg/kg of cyclosporine (Sandimmune, Novartis, entire segment was cryosectioned longitudinally in the Dorval, QC, Canada) injected intraperitoneally. Rats horizontal plane from the dorsal surface to the ventral were sacrificed 1 h, 1 day, 1 week, 2 weeks, 4 weeks, surface into 20-µm serial sections collected on Superand 6 weeks following transplantation (n = 4 for all time frost slides (Fisher Scientific, Ottawa, ON, Canada). points).
Every eighth section was stained with hematoxylin and Neurosphere Versus Dissociated Cell Transplants eosin and luxol fast blue (H&E/LFB) for general morphology. In a separate set of experiments, adult spinal cord NSPCs were transplanted as either neurospheres (n = 8)
For fluorescence immunostaining, the following antibodies were used: anti-Ki67/MM1 (1:100; Novocastra or dissociated cells (n = 8) into intact white matter using the injection technique as described above. Multiple Laboratories, Newcastle, UK) for proliferating cells, anti-nestin (1:100; BD Biosciences Pharmingen) for flasks containing neurospheres from passage 3 were pooled and spheres were centrifuged and gently resus-neural precursor cells, anti-NG2 (1:800; Chemicon) for glial progenitors, anti-GFAP (1:200; Chemicon) for pended in culture medium at a concentration equivalent to 50,000 cells/µl. This cell suspension was divided astrocytes, anti-MAP2 (1:500; Chemicon) and anti-NeuN (1:500; Chemicon) for neurons, anti-CC1/APC equally into two separate tubes, one that remained as neurospheres while the neurosphere suspension in the (1:1000; Calbiochem, San Diego, CA) for oligodendrocytes, anti-Olig2 (1:500; R&D Systems, Minneapolis, other tube was triturated to dissociate the cells. The cell suspension was then microscopically examined to en-MN) for oligodendrocyte lineage cells, anti-p75 (1:100; Chemicon) and anti-P0 (1:300; kind gift from Dr. Juan sure cell dissociation. A 4-µl volume of neurospheres or dissociated cells containing a total of 200,000 cells was Archelos) for Schwann cells, and anti-ED1 (1:2000; Serotec, Raleigh, NC) for macrophages/microglia. The CC1 microinjected into the white matter at level T8/T9 as monoclonal antibody immunostains the cell body of ma-captured with a CCD camera and Bioquant software (R&M Biometrics Inc., Nashville, TN). The fluorescent ture oligodendrocytes without labeling the myelin, which facilitates cell identification (5, 26) . The CC1 anti-signal was examined under multiple filter blocks to ensure quantitation of GFP + cells with a DAPI-labeled nu-body was used at a 1:1000 dilution, which under our conditions did not colabel with GFAP. For immunohis-cleus and digitized images were captured. For each spinal cord, 15 sections were cut in the longitudinal plane tochemistry, sections were rehydrated in 0.1 M PBS and blocked with normal goat serum in 0.1 M PBS for 1 at 20 µm thickness (140 µm apart), and the total number of GFP + cells in the 15 sections were counted. To avoid h. Sections were incubated with the primary antibody overnight at 4°C, washed for 30 min, and then incubated counting the same cell in more than one section, we counted every eighth section (140 µm apart). Cell counts for 1 h with secondary antibody conjugated to Alexa Fluor 568 (1:500; Molecular Probes Inc., Eugene, OR).
were corrected using the Abercrombie method (1) to obtain an estimation of the total cell count for the entire Sections were counterstained with DAPI (4′,6-diamidino-2-phenyl-indole) (Vector) nuclear counterstain. Spe-cord thickness. Double-labeled cells were examined in Z-series obtained with the Zeiss LSM 510 confocal mi-cies-specific nonimmune IgG was used as negative controls. Immunofluorescent tissue was examined using a croscope using multitrack scanning. To quantify the differentiation pattern of transplanted adult stem/progenitor Zeiss LSM 510 confocal microscope.
cells, we used confocal microscopy to count the number TUNEL Staining of GFP + cells that were double-labeled with different cell markers. For each cell marker, we immunostained For detection of cell death in vivo, the terminal deoxynucleotidyl transferase-mediated dUTP nick end label-15 sections per rat (140 µm apart) (n = 4 for each time point). Then we counted the number of GFP/DAPI-posi-ing (TUNEL) method was performed. Frozen sections prepared for immunohistochemistry as described above tive cells that were double-labeled with the cell marker in 10 different fields that contained GFP + cells to obtain were used for TUNEL staining. Tissue sections were rehydrated with 0.1 M PBS for 30 min and permeabilized the labeling index (LI). For the gray versus white matter transplants, the proportion of GFP + cells expressing the with 0.1% Triton X-100 in 0.1% sodium citrate (v/v) for 5 min at room temperature. After washing in PBS, sec-CC1 marker was determined as described above (n = 6).
To quantitate the distance of migration, fluorescent tis-tions were incubated for 1 h at 37°C in a humid chamber in a TUNEL reaction mixture containing a 1:10 ratio of sue was examined using a Nikon Eclipse TE 300 microscope, and images were captured with a CCD camera terminal deoxynucleotidyl transferase and dUTP conjugated to TMR red (in situ cell death detection kit, Roche
and Bioquant software (R&M Biometrics Inc.). To determine the distance the transplanted cells migrated from Diagnostics, Laval, QC). Sections were washed in PBS and viewed with a Nikon Eclipse TE 300 microscope the injection site along white matter tracts, the distance between the most rostral and most caudal cell in a single and a Zeiss LSM-510 confocal microscope. Negative control sections were processed as above but in the ab-section was measured with the Bioquant software. All the serial sections from three animals per time point sence of terminal deoxynucleotidyl transferase. Positive control sections were incubated with 6 U/ml DNase I, were examined and the greatest distance of migration for each time point was based on the average of three grade 1 (Roche Diagnostics) in 50 mM Tris-HCl (pH 7.5) containing 100 mM MgCl 2 and 1 mg/ml BSA, for animals. Data were collected and evaluated blindly by two independent observers. 10 min at 37°C to induce DNA strand breaks prior to the labeling procedure.
Statistical Analysis Quantitative Analysis
Data were analyzed using SigmaStat version 3.11 software (Systat, Point Richmond, CA) and all of the For the cell survival experiments, one set of animals data are presented as mean ± SD. Statistical differences at each time point was transplanted with the same cells between groups were evaluated with one-way or twoand this experiment was repeated four times. In total, way ANOVA where applicable and pairwise multiple four animals per time point were used for the quantitacomparisons using the Bonferroni method. In all analytion of cell survival. The 1-h time point was not included ses, a value of p < 0.05 was considered statistically sigin the analysis because there were a very large number nificant. of cells that were tightly clustered. All cell counts were performed on serial sections collected from the dorsal to RESULTS the ventral surface of the cord in the 1-1. 5 
cm segment
Adult Spinal Cord Neurospheres Are Multipotent described above. To quantitate the survival of transplanted cells, fluorescent tissue was examined using a NSPCs were isolated from the periventricular region of the spinal cord from adult GFP transgenic rats and Nikon Eclipse TE 300 microscope, and images were grown as free-floating neurospheres in uncoated tissue and spheres were plated onto a Matrigel TM substrate for 1 week, cells migrated from the sphere and differenti-culture flasks. The neurospheres were cultured in the presence of the growth factors EGF and FGF2 and pas-ated into astrocytes ( Fig. 1F , GFAP), oligodendrocytes ( Fig. 1I , RIP), and neurons ( Fig. 1L , βIII tubulin), con-saged weekly for expansion. Figure 1A shows GFP expression of a single sphere with high levels of nestin firming multipotentiality. We have recently shown that after 1 week of differentiation in vitro, the average num-( Fig. 1B and C, merged) , demonstrating that neurospheres are primarily comprised of undifferentiated neural ber of cells within a spinal cord-derived neurosphere that were immunopositive for the oligodendrocyte precursors. Undifferentiated proliferating spheres derived from the periventricular region also show low lev-marker RIP was 58.0%, the astrocyte marker GFAP (18.0%), and the neuronal marker βIII tubulin (7.4%) els of immunoreactivity for mature neural markers (21) . When growth factors were removed from the culture (21) . Neurospheres at passages 3 or 4 after 4-6 days in vitro were transplanted because they showed excellent medium and replaced with 1% fetal bovine serum (FBS) viability in vitro as determined with propidium iodide weeks, suggesting that many of the GFP + cells detected at 1 week survived for at least 6 weeks following trans-staining (Fig. 2) .
plantation.
Survival and Migration of Transplanted NSPCs in the Adult Rat Spinal Cord
Transplanted NSPCs Transiently Proliferate and Undergo Apoptosis Adult spinal cord NSPCs were transplanted into the white matter of the lateral column of the intact spinal To assess the proliferative potential of transplanted NSPCs, immunostaining for the Ki67 proliferating cell cord, as seen in the histological section in Figure 3A . The cell injection created minimal tissue disruption. Fig-nuclear antigen was performed. Using confocal microscopy, GFP + cells immunoreactive for Ki67 were readily ure 3B shows GFP + grafted cells and neurons immunostained with NeuN to delineate the gray matter. At 1 h apparent at 1 h ( Fig. 5A -C) and 1 day (Fig. 5D ) following transplantation. At 1 h, the mean Ki67 labeling index after transplantation, spheres were tightly clustered and undifferentiated ( Fig. 3C and inset) . By 1 day postgraft-was 43.7%, which significantly decreased to 11.0% by 1 day posttransplantation. Some proliferating non-GFP-ing, GFP + cells had formed processes and were radially and linearly aligned in a rostro-caudal orientation (Fig. expressing cells were evident at later time points. However, GFP + /Ki67 + cells were only detected at 1 h and 1 3D and inset). The linear and radial orientation of the grafted cells within white matter tracts was apparent day after grafting, suggesting that transplanted cells became postmitotic thereafter. Because the number of throughout the time course as shown up to 6 weeks after transplantation (Fig. 3E-H and inset) . The fluorescent grafted cells expressing GFP decreased significantly by 1 week after transplantation, TUNEL staining was per-GFP signal was also converted to a colorimetric DAB reaction product immunohistochemically to confirm that formed to determine if the grafted cells undergo apoptosis. GFP + /TUNEL + cells were apparent only at 1 day cell fluorescence was a result of expression of the marker gene. From the site of injection into the white posttransplantation ( Fig. 5G-I) , and at this time the mean labeling index was 17.2%. No TUNEL-positive matter, the cells migrated in both rostral and caudal directions within longitudinal white matter tracts ( Fig. cells were observed at 1 h or at any time point other than 1 day. GFP + /TUNEL − cells are shown at 1 h ( Fig.  3D-H) . At 1 h, the grafted site was approximately 50 by 150 µm in size (Fig. 3C) . By 1 and 2 weeks the 5E) and 4 weeks ( Fig. 5F ). ED-1 immunostaining detected activated macrophages and microglia in the vicin-transplanted cells extended 700 and 1300 µm, respectively, in the rostro-caudal axis and by 6 weeks the ity of the GFP + graft by 1 week (Fig. 5J-L) . However, ED-1 + cells were not observed to colocalize with GFP-transplanted cells extended approximately 1600 µm in the rostro-caudal axis ( Fig. 3H at same magnification as expressing cells (Fig. 5L ). Fig. 3C ). The transplanted cells did not migrate into the Adult Spinal Cord NSPCs Primarily Differentiate adjacent gray matter from the site of injection in white Into Oligodendrocytes in the Spinal Cord matter, and GFP + cells were not observed at the pial surface or in the subarachnoid space.
We next examined the differentiation potential of the NSPCs after transplantation into spinal cord white mat-We then examined the time course of cell survival by counting the number of GFP fluorescent cells. As shown ter, using confocal microscopy. At the early time points (1 h and 1 day following grafting), nearly all GFP + cells in Figure 4 , cell survival significantly decreased by 1 week posttransplantation when approximately 33% of expressed both nestin and NG2, markers for neural precursors and glial progenitors, respectively, and did not the cells initially detected at 1 day were apparent. There was no significant difference in cell survival up to 6 express mature astrocytic or oligodendrocytic markers ( Figs. 6 and 8 ). GFP + cells then downregulated NG2 by Schwann cells after transplantation into the adult spinal cord. We did not observe any p75 or P0 immunoreactiv-1 week and NG2 immunoreactivity was not detected in grafted cells beyond 1 week ( Figs. 6D and 8) . Also, nes-ity of grafted GFP + cells. Thus, these data demonstrate that NSPCs derived from the periventricular region of tin expression by transplanted cells gradually diminished after transplantation and was not detected by 6 weeks the adult spinal cord differentiate primarily into oligodendrocytes after transplantation into the intact rat spinal (Figs. 6E-H and 8). By 1 week posttransplantation, some GFP + cells expressed GFAP, the cell type-specific cord. marker for astrocytes ( Fig. 7A-D) , but many expressed NSPCs Transplanted as Neurospheres Show the mature oligodendrocyte marker, CC1 ( Fig. 7E-H) .
Better Survival Relative to NSPCs Transplanted Many GFP + cells also expressed the protein Olig2 ( Fig. as Dissociated Cells 7I-L), which is a bHLH transcription factor important for oligodendrocyte development (23, 49) . At 1 week, Prior to grafting, neurospheres showed excellent viability of NSPCs within the sphere (Fig. 2) . We chose only 2.4% of transplanted cells expressed GFAP, but 81.9% expressed the oligodendrocyte marker, CC1.
to transplant neurospheres rather than dissociated cells because cell viability decreased after sphere dissociation There was no significant difference in the GFAP or CC1 mean labeling index between 1 week and 6 weeks post-in vitro and we hypothesized that neurospheres provide their own microenvironment, which could be beneficial transplantation, suggesting that the phenotypic distribution of astrocytes and oligodendrocytes generated be-in vivo. In a separate set of experiments, we examined whether NSPCs transplanted as neurospheres show bet-yond 1 week postgrafting does not change (Fig. 8 ). We did not observe any GFP + cells expressing MAP2 or ter survival than NSPCs transplanted as dissociated cells. Prior to transplantation, cell viability in both neu-NeuN at any of the time points examined (Fig. 7L) . Immunoreactivity of grafted cells for neuronal markers was rosphere and dissociated cell aliquots was >95%. At the end of the transplant sessions, the viability in the disso-examined because the NSPCs are multipotent and can generate neurons in culture. We also examined whether ciated cell aliquots was on average 20% lower relative to the neurosphere aliquots. This suggests that the neu-spinal cord NSPCs had the potential to differentiate into rosphere suspension provides a more conducive environ-spinal cord gray or white matter at 1 and 4 weeks after grafting. We observed fewer GFP + /CC1 + cells when ment for cell viability in vitro. Accordingly, average cell counts 1d after transplantation were higher for neurosph-NSPCs were transplanted into the gray matter ( Fig. 10) . At 4 weeks following transplantation, 74.5% of grafted ere transplants relative to dissociated cell transplants (Fig. 9A ). By 2 weeks posttransplantation, average cells cells expressed the mature oligodendrocyte marker CC1 when transplanted into white matter. When the same counts for the neurosphere transplants decreased approximately 4.8-fold relative to 1 day, which is in accordance cells were transplanted into spinal cord gray matter, 37.7% were GFP + /CC1 + at 4 weeks posttransplantation with the time course of cell survival. In comparison, average cell counts from 1 day to 2 weeks for the dissoci-( Fig. 11 ). No significant difference was seen in the relative percentage of astrocytic progeny in gray and white ated cell transplants decreased approximately 10.7-fold ( Fig. 9A) . Thus, at 2 weeks posttransplantation, cells matter, or between 1 and 4 weeks postgrafting. In addition, we observed diminished survival and migration of transplanted as neurospheres show 3.5 times better survival than cells transplanted as dissociated cells.
grafted cells in the gray matter. NSPCs transplanted into the white matter were more numerous and were radially We then examined whether there was any difference in the proliferation or apoptosis of NSPCs transplanted aligned within white matter axonal tracts ( Fig. 10G-I) .
In contrast, cells transplanted into the gray matter were as neurospheres or dissociated cells. As shown in Figure  9B , NSPCs grafted as neurospheres at 1 day posttrans-sparse and disorganized ( Fig. 10D-F) . Graft cell survival in gray versus white matter was not quantified plantation show a trend for a higher mean labeling index with the proliferative marker Ki67 and a lower mean since some cells transplanted into the gray matter were also found in the adjacent white matter. These cells were labeling index for apoptotic cells as detected with the TUNEL assay. There was no apparent difference in the not included in the phenotypic analysis. These data suggest that relative to gray matter, the white matter envi-phenotypic distribution of the other markers. ronment is more conducive for oligodendrocytic differ-NSPC Transplantation Into Spinal Cord entiation of grafted NSPCs.
Gray Matter Results in a Decrease in Oligodendrocytic Differentiation
DISCUSSION Neural stem/progenitor cells that self-renew and are We then compared the differentiation potential of the adult spinal cord NSPCs upon transplantation into either multipotent have therapeutic potential to repair the dam-aged spinal cord upon transplantation (7, 33) . Region-vival, or the difference in gray versus white matter transplantation. Therefore, in the present study we have ex-specific cells such as NSPCs derived from the periventricular region of the spinal cord may be most beneficial amined the ability of NSPCs to survive, migrate, proliferate, and differentiate in the intact adult spinal for spinal cord repair because they may have innate potential to differentiate in a tissue-specific manner. How-cord, and compared neurosphere versus dissociated cell grafts and gray versus white matter transplantation. ever, there is currently no information on the temporal course of NSPCs following transplantation, or whether
We confirmed that NSPCs isolated from the periventricular region of the adult spinal cord are capable of neurospheres or dissociated cells show improved sur- generating all three neural cell types when they are cul-This rapid decrease in signal intensity was followed by a relatively stable bioluminescent signal for 6 weeks (32), tured in a serum-based medium. We show that these NSPCs, transplanted as neurospheres into the white mat-which is in parallel to our findings. We also find that the time course of cell survival is comparable after graft-ter of the spinal cord, survive and migrate within white matter tracts. GFP + cells migrated from the injection site ing into either the intact or injured cord (34) . Even though there was a significant reduction in cell survival in white matter and radially aligned in a rostro-caudal orientation. This pattern is consistent with other studies within the first week following transplantation, grafted cells detected by 6 weeks integrated within white matter where migration of grafted cells was observed in the rostro-caudal axis of the white matter and not into the tracts and robustly expressed GFP and mature glial phenotypes. gray matter (12) . It is also consistent with the pattern when other cell types such as olfactory ensheathing cells
We found that 17% of transplanted cells were TUNEL + at 1 day postgrafting, and TUNEL + /GFP + cells are injected into white matter tracts (22) .
Transplanted cells survived for at least 6 weeks in the were not detected at any other time points. These data suggest that some grafted cells undergo apoptosis at 1 intact spinal cord; however, GFP + cell survival diminished significantly by 1 week following transplantation. day after transplantation, contributing to the reduction in cell survival observed by 1 week. But clearly, given that Relative to the 1 day time point, there was a threefold reduction in the number of cells detected at 1 week post-approximately 17% of GFP + cells were TUNEL + at 1 day, apoptosis alone cannot account for the reduction in transplantation. There was no significant difference between 1 and 6 weeks after grafting, suggesting that the cell survival. Necrosis and other nonapoptotic forms of cell death (3) may also be responsible for the decrease major reduction in graft cell survival occurs within the first week after transplantation and does not significantly in graft cell survival. Also, cell survival was determined based on the detection of GFP fluorescence, and we can-change for the remainder of the time course. This finding is in agreement with a recent study (32) that used in not rule out the possibility of partial silencing of the GFP transgene after transplantation and that more cells vivo bioluminescence imaging to noninvasively assess the survival of transplanted neural stem/progenitor cells.
survived, but were not detected. The evaluation of apoptosis in transplanted cells in the spinal cord has been Okada and colleagues (32) found major reductions in signal intensity that reflected cell viability within the examined with bone marrow stromal cell grafts, and very few apoptotic bone marrow stromal cells were de-first 4 days after transplantation of NSPCs derived from embryonic mouse striatum into the injured spinal cord. tected at any of the time points examined from 1 to 8 weeks posttransplantation (39) . It is encouraging that with embryonic stem cell transplants (6, 10) , where there may be the potential for tumor formation. transplanted marrow stromal cells (39) and NSPCs, as shown in the current study, are not apoptotic at later
We chose to transplant neurospheres rather than dissociated cells because cell viability decreased after time points, as it suggests the stability of these grafted cells after the primary insult. To our knowledge, we are sphere dissociation in vitro, and we hypothesized that neurospheres provide their own microenvironment, not aware of any other studies investigating the apoptosis of transplanted NSPCs in the spinal cord. The mech-which could be beneficial in vivo. It has been suggested that neurosphere transplantation is more effective for anisms involved in this early cell death are unknown, and may involve immune mechanisms, mobilization of cell survival than a single cell suspension because the cell-cell contacts and autocrine and/or paracrine factors inflammatory cells, or other physical trauma associated with the injection procedure.
within the neurospheres play an important role in their survival, and detrimental effects of dissociation can be We also examined the proliferative potential of the NSPCs after transplantation. The GFP + cells transiently avoided (38, 40, 43, 45) . However, the issue of whether transplanting neurospheres yields a better survival in proliferated immediately following transplantation at 1 h with a progressive reduction in Ki67 immunolabeling vivo relative to grafting a single cell suspension had not yet been examined. In the current study, we found that at 1 day, and thereafter became postmitotic, because proliferating GFP + cells were not detected at 1 week NSPCs transplanted as neurospheres show more than threefold better survival by 2 weeks postgrafting in com-postgrafting. Therefore, spinal cord NSPCs do not show continued proliferation in vivo as has been observed parison to NSPCs transplanted as dissociated cells in the intact spinal cord. In addition, NSPCs grafted as neu-neural stem/progenitor cells. We also observed diminished survival and migration of grafted cells in the gray rospheres show a tendency for a higher proliferative index and fewer apoptotic GFP + cells were detected at 1 matter relative to the white matter. Preferential migration of stem cells and glial-restricted precursors has also day posttransplantation relative to NSPCs grafted as dissociated cells.
been reported in white versus gray matter (8, 12) . The phenotypic difference of cells transplanted into gray ver-When we characterized the fate of transplanted cells, we found a significant reduction in nestin expression by sus white matter can also be due to the selective survival in white matter of cells committed to the oligodendro-1 week posttransplantation and no GFP + /nestin + cells by 4 weeks. This suggests that the transplanted cells ac-cyte lineage. We are unable to differentiate between these two possibilities in the current study because we quired a more differentiated fate, particularly by the acquisition of mature glial phenotypes by 1 week. We did not examine apoptosis of cells that had been transplanted into gray versus white matter and their pheno-found that the vast majority of transplanted cells differentiated into oligodendrocytes, as shown with CC1 and type.
Importantly, the current study shows that NSPCs de-Olig2 immunostaining. Approximately 75% of grafted cells expressed GFP + /CC1 + , but only when transplanted rived from the periventricular region of the adult spinal cord show a high propensity for oligodendrocytic differ-into white matter. Interestingly, when the same NSPCs were transplanted into spinal cord gray matter, approxi-entiation in vivo (ϳ75%), and only ϳ2% of the grafted cells expressed the astrocytic marker, GFAP. Several mately 38% expressed a mature oligodendrocytic phenotype at 4 weeks posttransplantation. Significantly fewer groups have shown that adult neural precursor cells grafted into the intact or injured cord are restricted cells differentiated into oligodendrocytes when they were transplanted into gray matter, suggesting that white mainly to a glial lineage (13, 36, 43, 47) . However, most of these studies show that neural stem cells differentiate matter environment is more conducive for oligodendrocytic differentiation. These results show the importance almost exclusively into astrocytes after transplantation into the intact or injured cord. Comparison of fetal fore-of environmental cues in directing the differentiation of Figure 9 . (A) Survival of NSPCs transplanted either as neurospheres or dissociated cells. Average cell counts (adjusted using the Abercrombie factor; mean ± SD) decrease from 1 day to 2 weeks, and cells transplanted as neurospheres show 3.5 times better survival than cells transplanted as dissociated cells at 2 weeks (n = 4 at all time points). (B) Percentage of proliferating and apoptotic cells grafted either as neurospheres or dissociated cells at 1 day posttransplantation. Stem/progenitor cells grafted as neurospheres show a trend for a higher labeling index with the proliferative marker Ki67 and a lower labeling index for apoptotic cells as detected with TUNEL (mean ± SD; n = 4 for each group).
brain-derived versus fetal spinal cord-derived NSPCs
NSPCs express oligodendrocytic markers. Administration of growth factors in vitro or in vivo was not re-showed that fetal spinal cord-derived stem/progenitors differentiated into more oligodendrocytes than those de-quired to produce a large proportion of oligodendroglial progeny. rived from the forebrain (45) . About 50% of grafted adult mouse brain precursors were shown to differentiate
We also found that the transplantation of NSPCs grafted as neurospheres rather than dissociated cells im-along an oligodendrocytic lineage in the spinal cord but only with continuous infusion of the growth factors proves survival in vivo. These observations have clinical relevance in that transplantation strategies for spinal EGF, FGF2, and PDGF (18) . Transduction of adult neural stem cells with neurogenin 2 before transplantation cord repair need to consider not only the donor cell type and timing of transplantation, but also whether stem/pro-in order to promote a neuronal fate also inadvertently enhanced oligodendroglial differentiation of engrafted genitor cells are grafted as neurospheres or as dissociated cells and the location of grafting, depending on the cells (13) . In comparison, our data show that stem/progenitor cells derived from the periventricular region of desired fate of the grafted cells. The intrinsic ability of adult spinal cord NSPCs to differentiate into oligoden-the adult rat spinal cord have an intrinsic capacity for oligodendrocytic differentiation in the adult rat spinal drocytes after transplantation may be useful for conditions affecting the spinal cord such as trauma or demye-cord. Remarkably, 75% of transplanted adult spinal cord 
